The identification of biological reference conditions specific to each type of water body is essential for the development of sound biological indicators and criteria. The purpose of the present study was to establish the reference conditions of each stream type sampled in southern Québec (Canada) using benthic diatoms and environmental variables characterizing streams and watersheds. First, stream reaches were classified as a function of their natural watershed and habitat characteristics. Second, diatom communities were classified based solely on taxa abundance data. Resulting groups were graphically presented on ordinations to interpret, a posteriori, the environmental gradients associated with diatom groups and to identify the diatom communities representing the reference conditions of each of the stream reach groups. A final classification based solely on diatom reference communities found pH and conductivity to be the main discriminating factors, regardless of ecoregion and stream type. Although a specific diatom reference community may be identified for each stream group, our results suggest that many of these communities exhibit strong similarities. Only two reference communities may therefore be used, one for circumneutral conditions and one for alkaline conditions. These reference communities represent the baseline for biocriteria development.
Introduction
The evaluation of aquatic ecosystems health should be realised by comparing the observed ecological conditions with the expected conditions, in the absence of human disturbance. These reference conditions can be derived from historical data (e.g., Nijboer et al. 2004) , regional reference sites (e.g., Gosselain et al. 2005 ), prediction models (e.g., Wright et al. 1998) , paleolimnological data (e.g., Simpson et al. 2005) , or expert judgement. According to the US Environmental Protection Agency (Gibson et al. 1996) and the European Water Framework Directive (European Parliament 2000), regional reference sites provide the most realistic basis and are the most common approach used for the establishment of reference conditions. The use of a regionalbased reference is preferred over individual site-specific references, because it allows for a broader application in water resource programs.
Ecoregions are usually the preferred classification scheme for establishing regional site classes. The ecoregion concept recognizes geographic patterns of similarity among ecosystems, grouped on the basis of environmental variables such as climate, soil type, physiography, and vegetation (Omernik 1987) . However, the ecoregion scheme may be refined to define biological potential and identify reference conditions within ecoregions and subecoregions. A classification based on stream attributes may be useful to provide an ecological basis for identifying homogeneous areas from which reference conditions can be established.
Contrary to the regional reference site approach, prediction models usually make no a priori assumptions about the similarity of biological communities at different sites. The reference sites are classified using clustering methods based solely on the similarity of their species composition (Reynoldson et al. 1997 ). A test site is then matched to the appropriate reference group using, for example, a discriminant function analysis. Such models were used for the development of bioassessment tools such as RIVPACS (river invertebrate prediction and classification system; Wright et al. 1993) , AusRivAS (Australian river assessment scheme; Parsons and Norris 1996) , and BEAST (benthic assessment of sediment; Reynoldson et al. 1995) .
The reference condition approach is being increasingly integrated into many bioassessment programs and is entrenched in the regulatory structure of environmental policies, such as the Clean Water Act (CWA) in the USA and the European Water Framework Directive (WFD). In USA, the need to identify reference conditions has led to a number of studies concerning periphyton communities (e.g., Pan et al. 2000) , benthic invertebrate fauna (e.g., Barbour et al. 1999) , and fish fauna (e.g., Baker et al. 2005) . In Europe, the WFD has initiated a number of studies establishing the reference conditions for phytoplankton (e.g., Lepisto et al. 2004) , macrophytes (e.g., Schaumburg et al. 2004a Schaumburg et al. , 2004b Meilinger et al. 2005) , phytobenthos (e.g., Foerster et al. 2004; Gosselain et al. 2005; Tison et al. 2005) , benthic invertebrate fauna (e.g., Rawer-Jost et al. 2004) , and fish fauna (e.g., Oberdorff et al. 2001; Carrel 2002) .
In Canada, benthic macroinvertebrates are the most widely used group of aquatic organisms in bioassessment. The reference condition approach has mainly been used in Ontario (e.g., Reynoldson et al. 1995; Linke et al. 1999; Winter et al. 2003) , British Columbia (e.g., Reynoldson et al. 1997 Reynoldson et al. , 2001 , and the Yukon (Bailey et al. 1998) . The reference condition approach has also been used for fish communities, although to a lesser extent (e.g., Tonn et al. 2003) . In the case of algal communities, extensive work has been conducted in Canada regarding the reference conditions of lake diatom assemblages derived from paleolimnological investigations (e.g., Smol et al. 1998) . However, for lotic ecosystems, few studies have used diatoms and other periphytic algae as indicators of ecological integrity. Most of these studies were conducted in Ontario (e.g., Duthie 2000a, 2000b; Winter et al. 2003) and Québec (Wunsam et al. 2002; Campeau et al. 2005; Lavoie et al. 2006) .
The purpose of the present study was to establish the regional reference conditions of each stream type sampled in southern Québec (Canada) using benthic diatoms and environmental variables characterizing streams and watersheds. First, stream reaches were classified as a function of their natural watershed and habitat characteristics using Kohonen self-organizing maps (SOM). Second, diatom communities were classified based solely on taxa abundance data. Resulting groups were graphically presented on ordinations to interpret, a posteriori, the environmental gradients associated with diatom groups and to identify the diatom communities representing the reference conditions of each of the stream reach groups. These reference communities represent the baseline for biocriteria development. They may also be considered as target communities in the context of stream and river restoration.
Material and methods

Study area
The study area is distributed within three ecoregions: the Canadian Shield, the St. Lawrence Lowlands, and the Appalachians (Fig. 1 ). These ecoregions were further subdivided into natural provinces by Li and Ducruc (2000) . The southern part of the Canadian Shield is underlain by acidic igneous and metamorphic rocks (granite, gneiss, migmatite, etc.) covered by noncalcareous glacial tills low in clay-sized particles (Vincent 1989 ). The Canadian Shield contains an intricate hydrological network of lakes, peat bogs, marshes, beaver ponds, rivers, and streams. Its catchments are mostly covered by boreal forest with humo-ferric podzol soils (Clayton et al. 1978) . The southern part of the Shield, however, overlaps the transition zone of mixed and boreal coniferous forests. The streams sampled in the Canadian Shield were low in nutrients, conductivity, and suspended solids and exhibited circumneutral pH (Table 1) . These catchments are considered to be the least disturbed. However, some lake outlets may occasionally have higher nutrient levels.
The St. Lawrence Lowlands is a low-lying region with Paleozoic carbonate bedrock, overlain by glacial sediments and postglacial marine clays, and characterized by fertile soils. The lowlands encompass three natural provinces, which differ in geology, geomorphology, and land use (Fig. 1) . The St. Lawrence Lowlands is the most heavily populated area of Québec and is characterized by intensive farmlands and large industrial centers. The streams sampled in this ecoregion were high in nutrients, conductivity, suspended solids, and pH (Table 1) . These catchments exhibited a gradient from slightly impacted to very impacted streams with most of the latter being located in the Upper St. Lawrence Plain.
Located in southeastern Canada, the Appalachian Mountains are a geologically complex region with low and rounded relief. The rocks of this range are sedimentary, dating back to the Paleozoic era, and are covered by glacial tills. This region is also impacted by farming, but to a lesser extent. The streams sampled in this region had intermediate levels of nutrients, conductivity, and suspended solids. The Appalachian Complex of the Lower St. Lawrence is one of two natural provinces in the Appalachian region and exhibits the highest concentrations of dissolved organic carbon due to the presence of wetlands in some of its catchments.
Many streams originate in the Canadian Shield or the Appalachians and flow downstream through the St. Lawrence Lowlands. As a result, the water chemistry of some streams flowing through the lowlands reflects the characteristics of upstream ecoregions. This is especially true for the large rivers of the northern shore flowing through the middle St. Lawrence Plain and the Ottawa Plain.
To account for interannual variability within diatom communities, sampling was conducted in the fall (September) of 2002 and 2003. These samples were collected at 126 sampling locations distributed along 32 rivers and streams in the St. Lawrence River basin. A total of 204 diatom samples were collected and analysed, 111 samples in 2002 (coded as "B") and 93 in 2003 (coded as "D"). The sampling locations are part of the water quality monitoring network of the Qué-bec Ministry of the Environment. These sites were selected according to the availability of physico-chemical data and on the basis of land use information with the aim of sampling across a broad gradient of ecoregions and pollution levels. In 2003, the Québec Ministry of the Environment removed a number of sites from its monitoring network, and although new sites were added, the result was a lower number of sites sampled in 2003.
Water chemistry
Water analyses were performed by the Ministry of the En- Note: Log, log-transformed; SQR2, square root transformed; NTU, nephelometric turbidity units. (Table 1) . Because diatoms are known to integrate stream water chemistry through time, seasonal averages were used in the analyses. Averages of stream water chemistry were calculated from the six measurements taken in August and September over a 3-year period, including the year in which the diatoms were sampled. These 3-year seasonal averages explain more variance in diatom community structure than one-time chemistry measurements .
Stream habitat and watershed characteristics
Stream reach embankment, width, and morphology, current velocity, water transparency, water level, substrate type, and riparian zone characteristics were evaluated at each site (Appendix A). A geographic information system (ArcGIS, version 8; ESRI, 1999) was used to determine watershed characteristics upstream of each sampling sites, such as watershed area, distance to source, geology, surficial deposits, land use, cropped area, animal units, population, and ecoregions (Appendix A). The following data were made available by several governmental agencies: digital maps were provided by the Québec Ministry of the Environment, geologic maps were provided by the Québec Ministry of Natural Resources, classified Landsat images were supplied by the Québec Ministry of Agriculture and Fisheries, and census data were contributed by Statistics Canada. Supplementary information from the United States Geological Survey (USGS) was used for the characterisation of watersheds located beyond the Canadian border.
Diatom data
Benthic diatoms were scraped from the top surface of five rocks (composite sample) from riffles in unshaded areas where possible. Samples were collected within a~5 m 2 area at depths varying from 20 cm to 50 cm, depending on water level and turbidity. The samples were preserved with Lugol's iodine and stored until they were processed. The samples were digested using hydrogen peroxide and mounted onto microscope slides using Naphrax. A minimum of 400 valves (Prygiel and Coste 1993) per slide were counted and identified at 1250× to the most precise possible taxonomic level under a Zeiss Axioskop II microscope with differential interference contrast imaging (DIC). Taxonomic identifications generally followed Krammer and Lange-Bertalot (1986 , 1988 , 1991a , 1991b , Reavie and Smol (1998) , Fallu et al. (2000) , Krammer (2000 Krammer ( , 2002 Krammer ( , 2003 , and Lange-Bertalot (2001) .
Stream reach classification and identification of reference diatom communities
Diatom communities in natural environments are primarily influenced by water physico-chemistry (e.g., pH, CON, DOC) reflecting watershed attributes, such as geology, surficial deposits, and wetlands. Habitat characteristics, including substrate, shade, and current velocity, also play an important role in the structuring of diatom communities. Stream reaches in their natural conditions and with similar habitat and watershed characteristics should, therefore, have comparable benthic diatom communities. The first step in the determination of reference diatom communities was to classify stream reaches according to their habitat and watershed characteristics, excluding variables influenced by anthropogenic factors (Fig. 2) . The second step consisted of the classification of diatom communities based solely on taxa abundance data. Finally, resulting groups were graphically presented on ordinations to interpret, a posteriori, the environmental gradients associated with each diatom group and to identify the diatom communities representing the reference conditions for each of the stream reach groups (Fig. 2) . This procedure was performed for each ecoregion to discriminate, for example, between the reference diatom communities associated with circumneutral, acidic streams located on the Canadian Shield and communities representing the least-impacted conditions found in smaller, more alkaline agricultural streams of the St. Lawrence Lowlands.
All classifications were performed using a Kohonen SOM combined with Ward's hierarchic cluster analyses. A Kohonen SOM is one of the most well-known neural networks with unsupervised learning rules; it performs a topology-preserving projection of the data space onto a regular two-dimensional space. As for the ordination methods, SOMs reduce the number of dimensions with a minimum loss of information. The data are projected onto a rectangular grid map containing multiple hexagonal cells. Sites with similar characteristics are mapped in the same vicinity. The distance between each hexagonal cell is then represented on a U matrix (Euclidean or Bray-Curtis) (Ultsch 1993) . The U matrix calculates the distances between neighbouring units and visually presents them as grey-scaled clusters on the SOMs (Kohonen 2001) . A Ward linkage method (Legendre and Legendre 1998) , derived from the U matrix, was used to further classify the hexagonal cells in a reduced number of groups. A formula was used to calculate the number of cells needed to map the sites for each ecoregion (Y.-S. Park, personal communication, 2003) . Kohonen SOMs were conducted using MATLAB software (MathWorks Inc. 2001) and the SOM toolbox developed by Sovan Lek's team at the Laboratoire Dynamique de la Biodiversité (Paul Sabatier University, Toulouse, France). Further information on SOM theory and its ecological applications can be found in Kohonen (2001) and Park et al. (2003) . The SOM procedure has been used in a number of ecological studies and has been proven useful in the classification of aquatic communities (e.g., Giraudel and Lek 2001; Park et al. 2003 Park et al. , 2005 and the identification of reference conditions .
Diatom groups were graphically presented using canonical correspondence analyses (CCAs). The diatom community located at the lower extremity of the alteration gradient was considered to be the reference community. When several reference samples were available, the reference community was established by calculating the average relative abundance of each taxon. Preliminary CCAs were performed using all habitat-and watershed-related variables, excluding physico-chemical variables. Variables with a variance inflation factor (VIF) exceeding 10 were not included in the CCAs as they were highly correlated with other variables. Monte Carlo permutation tests were used to select variables explaining a significant portion of the variance (p ≤ 0.05). A second series of CCAs was performed using only physicochemical variables. The same procedure was repeated to eliminate multicollinearity and to select significant variables. A final CCA was conducted using selected physicochemical variables and watershed-related variables. The selected watershed variables were included in the ordination as passive variables (added post hoc to the ordination by projection). All ordination analyses were performed using CANOCO 4.5 (ter Braak and Smilauer 2002).
Results
Stream reach classification for the Canadian Shield
The 17 sample sites from the Canadian Shield were classified into four groups sharing similar watershed and habitat characteristics ( Fig. 3 and Table 2 ). Canadian Shield watersheds were found to be composed mainly of gneissparagneiss rocks covered by till. The stream widths were more than 5 m at all sites. The most important site separation (level 1 on the SOM) discriminated groups 1 and 4 from groups 2 and 3. The sites forming groups 1 and 4 had watersheds that consisted mainly of till and lacustrine deposits underlain by a higher proportion of intermediate rocks. The watersheds of groups 2 and 3 contained primarily fluvioglacial deposits and had a higher proportion of surficial bedrock (partly composed of felsic rocks). The sites forming groups 1 and 2 had smaller watersheds and narrower streambeds. Wetlands also occupied a significant portion of their watersheds. In the watersheds of group 4, alluvium and eolian deposits were underlain by a small proportion of carbonated rocks. Table 2 ). The numbers in the hexagonal cells represent the sampling site identification numbers (see Table 2 ). (b) SOM distribution map of environmental variables used to classify the stream reach groups. Dark cells represent high values, whereas light cells represent low values. The codes for the environmental variables are described in Appendix A.
Stream reach classification for the Appalachians
The 29 sample sites located in the Appalachians were divided into four groups with similar watershed and habitat characteristics ( Fig. 4 and Table 3 ). The surficial deposits of most sites located in Appalachian watersheds were dominated by till. The most significant site separation (level 1 on the SOM) discriminated groups 1 and 2 from groups 3 and 4. The sites belonging to groups 1 and 2 had larger watersheds (especially group 1) and wider stream beds and were underlain by a higher proportion of clay, mafic, and ultramafic rocks than those of groups 3 and 4. Lakes also occupied a large portion of the watersheds in groups 1 and 2 (e.g., Lake Memphremagog and Lake Brome). The watersheds of the sites located in the natural region of the Lower St. Lawrence Plain (groups 3 and 4; northeast of the Appalachians) contained mostly siliceous rocks. Sites upstream and downstream of the River Fouquette (group 4), located at the foot of the Appalachians, were distinct from all other groups because of their narrow stream beds (less than 2 m) and very small watershed size (50 km 2 ). Sites in this group had watersheds containing wetlands and consisted mainly of alluviums and marine deposits underlain by siliceous rocks.
Stream reach classification for the St. Lawrence Lowlands
The 80 sites sampled from the St. Lawrence Lowlands were classified into six groups with similar watershed and habitat characteristics ( Fig. 5 and group 2, most of the watersheds were dominated by marine deposits. The most important site separation (level 1 on the SOM) discriminated groups 1 and 2 from groups 3 to 6. Groups 1 and 2 represented wide rivers with large watersheds mostly located in an upstream ecoregion (Appalachians or Canadian Shield) containing a higher proportion of felsic rock. The watersheds of group 2 were dominated by gneiss-paragneiss rocks that are characteristic of the Canadian Shield. As a result, the water chemistry of some of the rivers that flow through the lowlands reflects the characteristics of an upstream ecoregion. The sites forming group 1 are all located on the Richelieu River. Groups 4 and 5 consisted of small streams of the St. Lawrence Plain watersheds covered mainly by marine deposits. The majority of the sites belonging to groups 3 and 4 were located in the natural region of the Upper St. Lawrence Plain, with watersheds consisting primarily of carbonated rocks. Sites belonging to group 5 were mainly located in the Middle St. Lawrence Plain and had watersheds consisting of siliceous and clay rocks covered by fluvioglacial and till deposits. These watersheds also had a higher proportion of wetlands. Watershed and stream sizes for groups 4 and 5 were generally smaller than those of groups 3 and 6.
Reference diatom communities of the Canadian Shield
The 29 diatom communities sampled on the Canadian Shield during the fall of 2002 and 2003 were classified into seven community types based solely on taxa relative abundances (Fig. 6 ). An a posteriori CCA was conducted using the seven groups to determine the direction of the environmental gradients influencing the structure of diatom communities on the Canadian Shield. Three outliers (altered communities) were removed from the ordination to improve the identification of reference communities. The physicochemical variables that explained a statistically significant amount of the variation in diatom community structures were CON and CHL. The first four ordination axes summarized 26.7% of the variation observed in diatom communities and explained 61% of the relationship between taxa and selected environmental variables. The eigenvalue for the first axis (λ 1 ) was 0.31 and for the second axis (λ 2 ) was 0.24. Forested area and the proportion of alluviums were statistically significant variables characterizing watersheds and habitats and were included in the ordination as passive variables. Based on physico-chemistry, samples representing reference conditions were positioned on the left side of the ordination. The communities representing the most altered sites were located at the foot of the Canadian Shield where there was a substantial proportion of alluvium present (correlated with population and agriculture) in the watershed. Samples from diatom groups 5 and 6 were positioned on the left of the CCA ordination and therefore were used to define the reference communities for each of the Canadian Shield stream reach groups (the diatom reference sites are listed in Table 2 , along with each community's most abundant taxa). When several reference samples were available, the reference community was established by calculating the average relative abundance of each taxon. For example, samples from Des Envies River (D20), De La Petite Nation River (B106 and D106), Noire River (B133), and Assomption Table 3 ). The numbers in the hexagonal cells represent the sampling site identification numbers (see Table 3 River (D146) all belong to stream reach group CS1 and were found on the left side of the CCA's first axis (Fig. 6 ). These samples represent the reference communities for other members of this group, such as the Maskinongé River (upstream) and Du Loup River (upstream). These rivers were located on the lower right portion of the ordination and are therefore more impacted than their reference sites. In the context of future restoration actions, one would expect that the diatom communities of these impacted rivers would change and resemble the reference community presented in Table 2 .
Reference diatom communities of the Appalachians
The 50 diatom communities sampled in the Appalachians during the fall of 2002 and 2003 were classified into 10 type communities (Fig. 7 ). An a posteriori CCA was conducted using these 10 groups to determine the direction of the environmental gradients influencing the structure of diatom communities in the Appalachians. Four outliers (altered communities) were removed from the ordination to improve the identification of reference communities. The physicochemical variables that explained a statistically significant amount of the variation in Appalachian diatom community structures were TP, CON, CHL, DOC, T, and O 2 . The first four ordination axes summarized 16.6% of the variation observed in diatom communities and explained 79.3% of the relationship between taxa and the statistically significant environmental variables. The eigenvalues for the first and second axes were 0.31 and 0.2, respectively. Marine deposits, siliceous and ultramafic rocks, wetlands, and pastures were the watershed and habitat variables that explained a significant portion of the variation in diatom community structures and were included in the ordination as passive variables. The reference samples were positioned on the left portion of the ordination set, opposite to the pollution gradient. The communities representing the most altered sites were located at the foot of the Appalachians (marine deposits), where pasture areas are extensive. The samples from diatom groups 5 to 8 were positioned on the left portion of the CCA ordination and were used to define the reference communities for each stream reach group within the Appalachians (the diatom reference sites are listed in Table 3 , along with each community's most abundant taxa).
Reference diatom communities of the St. Lawrence Lowlands
The 125 diatom communities sampled in the St. Lawrence Lowlands during the fall of 2002 and 2003 were classified into 10 type communities (Fig. 8 ). An a posteriori CCA was conducted using these 10 groups to determine the direction of the environmental gradients influencing the structure of diatom communities in the St. Lawrence Lowlands. Eleven outliers (altered communities) were removed from the ordination to improve the identification of reference communities. The physico-chemical variables that explained a statistically significant amount of the variation in diatom community were CON, pH, T, DOC, VEL, SS, and TUR. The first four ordination axes summarized 16.6% of the variation observed in diatom communities and explained 80.3% of the relationship between taxa and selected environmental variables. The eigenvalues for the first and second axes were Table 4 ). The numbers in the hexagonal cells represent the sampling site identification numbers (see Table 4 0.38 and 0.22, respectively. Population, forested area, marine deposits, carbonated rocks, gneiss-paragneiss rocks, felsic rocks, and intermediate rocks were the watershed and habitat variables that explained a significant amount of the variation in diatom community structures and were included in the ordination as passive variables. Based on physicochemistry, samples representing reference conditions were positioned on the right portion of the ordination. The samples from diatom groups 3 to 8 were positioned on the right portion of the CCA ordination and were used to define the reference communities for each stream reach group within the St. Lawrence Lowlands (the diatom reference sites and each community's most abundant taxa are listed in Table 4 ).
Combined analysis of all diatom reference communities
From the examination of Tables 2 to 4, we observed that reference diatom communities may exhibit strong similarities from one stream reach group to another. For example, all reference communities of the stream reach groups from the Canadian Shield are similarly dominated by Achnanthidium minutissimum and Tabellaria flocculosa. Moreover, reference communities may be similar from one ecoregion to another. For example, reference communities from the Appalachian stream groups AP2 and AP3 have a taxonomic composition similar to the reference communities of the stream group SL2 in the St. Lawrence Lowlands (A. minutissimum and different forms of Fragilaria capucina). To test the similarities between reference communities, we conducted a combined analysis of all reference diatom communities from the stream reach groups of the three ecoregions. The SOM classified all of the 14 diatom reference communities into only four communities (Fig. 9 ). An a posteriori CCA was conducted using all reference diatom communities to determine the direction of the environmental gradients influencing the structure of diatom reference communities (Fig. 10) . The physico-chemical variables explaining a significant amount of the variation in diatom community structures were pH and CON. CON is correlated with FC, TN, Table 2 ). Sites that were sampled in 2002 are coded as "B" and those sampled in 2003 are coded as "D". (b) Canonical correspondence analysis (CCA) sites scores. The diatom SOM groups are represented by symbols. The numbers in parentheses indicate the corresponding stream reach groups (see Fig. 3 ). The codes for the environmental variables are described in Appendix A (broken arrows indicate passive variables). Table 4 (Table 2) , the numbers in italic represent the Appalachians sampling sites (Table 3) and NH 3 , which indicates that conductivity is related to a degradation gradient. These correlated variables were included in the ordination as passive variables. The first four ordination axes summarized 22.6% of the variation observed in diatom communities. The eigenvalue for the first axis (λ 1 ) was 0.26 and for the second axis (λ 2 ) was 0.05. Forested area, urban area, and the presence of gneiss-paragneiss and felsic rocks were the significant variables characterizing watersheds and habitats and were included in the ordination as passive variables. The presence of gneiss-paragneiss and felsic rocks is inversely correlated with the presence of clay rocks. This relationship may indicate that natural alkaline pH could be explained by the high proportion of clay rocks in these watersheds. The most important site separation (level 1 on the SOM and axis 1 on the CCA) discriminated reference communities based on pH and conductivity. Samples on the left side of the ordination represent reference communities for the streams with naturally neutral pH and lower conductivity, whereas samples on the right side of the ordination represent reference communities for the streams with naturally alkaline pH and higher conductivity. A pH of 7.65 represents the separation line between both reference communities. Samples on the upper part of the ordination were slightly altered or had a higher conductivity in their natural state, but represent the least-impacted conditions for some stream reach groups of the Appalachians and the St. Lawrence Lowlands. Although a specific diatom reference community may be identified for each stream reach group, these results suggest that many of these communities exhibit strong similarities. As a result, only two reference communities may be used, one for circumneutral conditions and the other for alkaline conditions.
Discussion
Establishing reference conditions: abiotic and biotic approaches
In the reference-condition approach, a test site is compared with an appropriate set of reference sites characterizing the biological condition of a region. Two major analytical approaches for the comparison of test sites with reference conditions have been used so far: abiotic and biotic methods. Abiotic methods classify reference sites based on geographic and physical attributes. Some authors consider watershed variables as being the most useful spatial framework for aquatic ecosystem management (e.g., US Water Environment Federation 1992; Maxwell et al. 1995) . However, because climate, geology, soil, and vegetation type are variables that are not specific to a single watershed, most authors consider ecoregions to constitute a superior spatial framework for the determination of water quality standards and restoration goals. Reference sites are chosen from streams with catchments belonging to specific ecoregions or subecoregions (e.g., Barbour et al. 1995 Barbour et al. , 1996 . These regions are predefined using geomorphological characteristics such as climate, physiography, geology, soils, and vegetation (Omernik 1987) . Some authors consider the combination of both the ecoregion and the watershed as necessary for the development of a regional reference site network of watersheds with similar reference communities within the same ecoregion (e.g., Hughes 1995; Omernik and Bailey 1997; Rogers and Wasson 1997) . The ecoregion scheme has been widely used in multimetric methods to study macroinvertebrate communities. Several studies concluded that significant biotic variation among sites was related to ecoregion, especially where there were marked differences in topography between ecoregions (e.g., Gerritsen et al. 2000) . However, although significant, the amount of variation related to landscape features is usually quite low (Hawkins et al. 2000) . Local habitat features appear to account for more biotic variation than larger-scale environmental features. In the case of diatom communities, the study of Pan et al. (2000) showed that diatom community structure in reference streams did not vary with either ecoregion or catchment. As pointed out by Hawkins et al. (2000) , classification based on both stream reach-level and larger-scale landscape features may provide a better tool for the prediction of aquatic community composition. In France, for example, 22 hydro-ecoregions were visually separated according to natural discontinuities in stream typology (Wasson et al. 2002) . The final typology was, however, realized by evaluating biological reference conditions. Their results showed a good correspondence between the 22 hydro-ecoregions, the invertebrate communities, and the diatom communities. Different European countries are currently dividing their territory into "subecoregions" or aquatic "landscape units" (e.g., Austria: Fink et al. 2000) . According to Hering et al. (2003) , these classifications led to the establishment of about 100 stream types in Europe. Although the method and the variables used may differ from the above studies, our work shares the common approach of determining stream typology before the identification of the reference conditions specific to each typology.
Contrary to abiotic methods, biotic approaches make no a priori assumptions about the similarity of biological communities at different sites. Rather, the reference sites are classified using clustering methods based on the similarity of their species composition (Reynoldson et al. 1997) . A method is then required to match a test site to the appropriate reference group. These reference sites can then be used to predict the community structure expected at the test site following restoration. The predictive model may be based, for example, on a discriminant function. Such biotic approaches were used for the development of bioassessment tools such RIVPACS (Wright et al. 1993) , AusRivAS (Parsons and Norris 1996) , and BEAST (Reynoldson et al. 1995) .
Recent studies carried out in Europe (Coste et al. 2004; Descy et al. 2005; Gosselain et al. 2005 ) also investigated the identification of stream reference conditions based on biota. Reference sites for the French territory were first selected according to the floristic composition of diatom communities. Only the sites that did not experience environmental pressures were considered. Diatom-based index values were then calculated using the specific polluosensitivity index (IPS: Indice de Polluo-sensibilité Spécifique; Coste 1982 ) and the biological diatom index (IBD: Indice Biologique Diatomées; Lenoir and Coste 1996) for each of the selected reference sites. The index values for the selected reference sites were considered to be in a "good ecological state". In our opinion, the procedure of reference site selection based on diatom indices (IPS and IBD) is biased because of the development of indices that do not consider ecoregions and stream reach group variables. Reference communities for a specific type of environment may, therefore, not be adequately represented in the diatom index. Furthermore, the IPS and IBD were developed on the basis of the relationships between diatom communities and physicochemistry data, which imply that the definition of the reference communities is dependent on the physico-chemical conditions of the stream. This circular argument disregards the use of nonredundant information in the characterisation of diatom community structure when attempting to supply additional information on the ecosystem's status. Finally, the identification of environmental pressures on each ecoregion was based on land use analysis. Although this method is certainly valid, there is a possibility that certain sources of degradation may not be detected and that the gradient discriminating between reference, intermediate, and degraded conditions may not be adequately identified.
The method used in our study combines abiotic and biotic classifications. The two-step procedure presented in this study was first used to classify stream reaches as a function of their natural watershed and habitat characteristics, both of which are known to influence diatom communities. This classification was conducted for each of the three ecoregions and identified four stream reach groups on the Canadian Shield, four in the Appalachians, and six in the St. Lawrence Lowlands. In parallel, diatom communities were classified based solely on taxa abundance data. This classification was also conducted for each ecoregion and identified seven diatom communities typical of the Canadian Shield, 10 diatom communities typical of the Appalachians, and 10 diatom communities typical of the St. Lawrence Lowlands. Resulting groups were graphically presented on ordinations to interpret, a posteriori, the environmental gradients associated with the diatom groups and to identify the diatom communities representing the reference conditions of each of the stream reach groups. The reference community for each stream reach group was found at the lower end of the alteration gradient, indicating nonimpacted or "least-disturbed" conditions. As a result, the selection of reference samples was based solely on community structure. Water physico-chemistry and land use characteristics were used only to interpret the position of each diatom community along the pollution gradient.
Finally, a classification based solely on diatom reference communities found pH and conductivity to be the main discriminating factors, regardless of ecoregion and stream type. Although a specific diatom reference community may be identified for each stream group, our results suggest that many of these communities exhibit strong similarities. Therefore, only two reference communities may be used, one for circumneutral conditions and one for alkaline conditions. These results suggest that pH and conductivity, which partially depend on geology and the presence of wetlands, have a major influence on the composition of reference diatom communities. Similar results were obtained in Europe and the USA (e.g., Potapova and Charles 2002; .
Although only two reference communities are sufficient, it is still useful to compare a test site with its specified stream reach group reference community, especially where there is a lack of pristine conditions. For example, in the case of al-kaline conditions, most of the reference sites are from large rivers. These reference communities may not adequately represent the expected diatom community in small, unaltered streams. It is therefore useful to go back to the reference community identified for the stream reach group representing small agricultural streams. This reference community represents least-disturbed conditions rather than pristine conditions. It defines an intermediate restoration goal, which may be more realistic than the pristine conditions, especially for the heavily impacted streams of the St. Lawrence Lowlands.
Low pH reference diatom communities (pH below 7.65)
In Quebec, the presence of gneiss-paragneiss rocks and felsic rocks, with low buffering capacity, seems to be responsible for pH variations in the reference streams. This applied primarily to Canadian Shield reference sites and St. Lawrence Lowlands reference sites, which have a large portion of their watershed located on the Canadian Shield. Low pH also seems to be partly explained by the presence of ultramafic and siliceous rocks, although these relationships need to be confirmed by other analyses based solely on Appalachian reference sites. Finally, the presence of wetlands appears to explain the high concentrations of DOC in some watersheds, which contribute to lower the pH level, especially in the Appalachians.
As a result, reference communities identified for the streams with low buffering capacity in the Appalachians and St. Lawrence Lowlands have similar communities to those found on the Canadian Shield. Low pH reference diatom communities are dominated by taxa indicators of oligotrophic conditions, e.g., A. minutissimum (Leland 1994) and F. capucina, and more acidic conditions, e.g., T. flocculosa (Van Dam et al. 1994) and Brachysira microcephala (Reavie and Smol 2001) . According to their taxonomic composition, almost all reference communities identified in Canadian Shield and Appalachian watersheds approach undisturbed biotypes.
High pH reference diatom communities (pH above 7.65)
Conversely, alkaline streams of the Appalachians have reference communities similar to those found in alkaline streams of the St. Lawrence Lowlands. Their high pH seems to be explained by the presence of carbonated and (or) clay rocks. These reference communities are dominated by such species as A. minutissimum, Nitzschia sinuata var. tabellaria, Nitzschia fonticola, and Nitzschia palea var. debilis. However, in the Appalachians, there is an absence of undisturbed reference samples for group 4 represented by the sites of the River Fouquette. The similarities between watershed characteristics of the River Fouquette and those of the small rivers located in the middle St. Lawrence Lowlands (group 5) suggests that they share the same restoration goals. However, wetlands occupy a significant portion of the River Fouquette's watershed (4.8%), potentially contributing to the acidification of the water and suggesting that the reference conditions may instead be acidic. More reference sites are needed to clarify this assumption. Moreover, the insufficient number or the lack of reference samples for certain stream categories, particularly in the St. Lawrence Lowlands (small agricultural streams), made it difficult to identify real restoration goals for these environments. Most of the taxa found in reference communities of small agricultural streams are also indicators of impacted conditions, e.g., Cocconeis placentula var. euglypta and Planothidium lanceolatum. An increase in the number of reference sites is necessary to clarify the structure of these reference communities.
Development of a bioassessment tool
In Canada, benthic macroinvertebrates are the group of aquatic organisms most widely used in bioassessment (e.g., Linke et al. 1999; Reynoldson et al. 2001; Winter et al. 2002) . Several recent studies carried out in Canada and United States show the potential of diatom communities as indicators of water quality (e.g., Leland and Porter 2000; Winter and Duthie 2000b; Potapova and Charles 2002) . Despite the fact that diatoms have been proven to be good indicators of environmental conditions, there are no diatom indices currently being used in Canadian biomonitoring programs. European countries have a long history of developing diatom-based indices for biological assessment and biocriteria. A variety of indices have been developed, with the most popular indices being the IPS (Coste 1982) , the IBD (Lenoir and Coste 1996; Prygiel and Coste 2000) , the trophic diatom index (Kelly and Whitton 1995) , and the Sladecek index (SLA) (Sladecek 1973) . All of the above indices were developed based on a weighted average equation (Zelinka and Marvan 1961) in which the optima and tolerance values for each taxon were determined regardless of the reference conditions specific to each ecoregion or stream type. Species optima and tolerances are also generally derived from physico-chemical data, which implies that biomonitoring depends on environmental variables and leads to a circular argument. The main reason for using biota is precisely the complementary and nonredundant information provided on the ecosystem status. The most logical approach, in term of ecological integrity, is to derive bioindication information directly from community structure.
Based on the results of the present study, Lavoie et al. (2006) developed a diatom-based index that integrates different types of stream alterations and provides information related to the "distance" from the less-impacted state. The eastern Canadian diatom index (IDEC) used correspondence analysis (CA) to develop a "chemistry-free" index in which the position of the sites along the gradient of maximum variance (first axis) is strictly determined by diatom community structure and is therefore independent of measured environmental variables. The index value indicates the distance of each diatom community from its specific reference community. A high index value represents a non-or less-impacted site, whereas a low index value represents a more heavily impacted site. Two subindices were developed based on two sets of reference communities. The IDEC circumneutral subindex includes the sites that have reference communities characteristic of slightly acidic or neutral environments, whereas the IDEC alkaline subindex includes the sites that have reference communities characteristic of environments in which pH values are naturally higher than 7.65. The distinction between the two subindices is fundamental to ensuring that each stream has the potential to reach a high IDEC value following complete restoration of its ecosystem.
Development of a predictive model
The present work represents the preliminary phase in the elaboration of a model to predict the diatom community composition expected at a given site following restoration. To predict diatom community composition, predictive modelling assumes that a site is in its reference state. As stated by Reynoldson et al. (1997) , if a test site can be associated with a group of reference sites representing the reference condition, then those reference sites can be used to predict community composition expected at the test site in the absence of disturbance. Stream and watershed attributes for groups of reference sites may be compared to identify a subset of variables used in the prediction of group membership. The RIVPACS predicts macroinvertebrate fauna at a given site from a small number of environmental parameters. By comparing the observed fauna with the predicted or "target" fauna, a measure of site integrity can be obtained (Wright et al. 2000) . The AusRivAS is based on the RIVPACS model with the exception that major habitats are sampled and modelled separately. The BEAST (Reynoldson et al. 1995 (Reynoldson et al. , 1997 is similar to the AusRivAS and RIVPACS approaches but uses abundances of macroinvertebrates instead of their presence or absence. Similar approaches were recently employed in Europe to predict the community structure of aquatic communities using advanced modelling techniques such as artificial neural networks, bayesian models, and genetic algorithms . From our results, it appears that a predictive model could be developed using, as predictors, the variables responsible for pH variations in reference streams, such as the proportion of gneiss-paragneiss, felsic, or clay rocks. These variables could be used to predict the group (circumneutral or alkaline community) to which impacted streams in southern Québec belong. 
